Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by chronic airway obstruction and includes individuals with chronic bronchitis and/or emphysema who may experience acute worsenings or exacerbations, which accelerate the degeneration of lung tissue 14, 37 and increase mortality risk. 39 An abnormal inflammatory response, including disruption of normal tissue repair processes and activation of wound healing, is believed to be among the underlying drivers of COPD, leading to small airway fibrosis. 4, 25, 31 Subjects with COPD present with very heterogeneous disease characteristics, 1 which complicates identification of mortality predictors and lung function decline. Identifying subjects with progressive phenotypes such as emphysema and exacerbations using biomarkers reflecting inflammation and tissue damage could be a valuable tool in assessing mortality risk in COPD.
Protein components of the wound healing cascade and inflammatory signaling are affected in COPD and could be potential biomarkers to help characterize COPD phenotypes and severity. 2, 11 Platelets are essential for blood clotting during wound healing and have shown highly increased activation in COPD. 24 Furthermore, the lungs are a major contributor to platelet biogenesis and a reservoir for platelet-producing megakaryocytes. 23 von Willebrand factor (VWF) is an important player in platelet activation and a biomarker of endothelial dysfunction and inflammation in COPD. 35 VWF is a large multimeric glycoprotein that circulates in the bloodstream or is stored in either platelet α-granules or the Weibel-Palade bodies of endothelial cells. 30, 43 In response to endothelial damage, VWF is activated by shear-stress, unfolding the multimers and thereby facilitating platelet-tethering to damaged subendothelial extracellular matrix (ECM) leading to bleeding cessation. 3, 38 During VWF unfolding, a cleavage-site for the metalloproteinase ADAMTS13 at Tyr 1605 -Met 1606 is exposed, resulting in cleavage and reduction of VWF multimer size, which also regulates VWF activity. 32 Notably, only in the active unfolded conformation can ADAMTS13 cleave VWF. 13, 32 Both VWF and platelets have been shown to have altered levels and activities in inflammatory disorders, 22, 29 indicating a function beyond just facilitating hemostasis. Increased VWF levels could therefore potentially reflect the persistence of chronic inflammation in COPD.
VWF levels and relative activity have been found to be increased in COPD, 8 but VWF-processing products reflecting endothelial release and activation, which is the central axis of initiation of the primary wound healing response have, to our knowledge, not been assessed directly in COPD subjects.
To emphasize the role that the vascular endothelium plays in lung tissue destruction and inflammation in COPD, we applied two biomarkers of VWF-processing measuring VWF formation by targeting the released propeptide (VWF-N) and ADAMTS13-cleaved activated VWF (VWF-A) using neo-epitope specific monoclonal antibodies. We hypothesized that ADAMTS13-cleaved VWF generates a dynamic biomarker of tissue damage, inflammation and platelet activation, while VWF-N reflect newly released VWF into the circulation. The aim of this study was to characterize tissue damage and hemostatic processes in COPD, to describe how these dynamic VWFprocessing biomarkers relate to disease severity and mortality.
Materials and Methods
The study population consisted of a cross-sectional subset of plasma samples from the Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE) study collected at year 1 from moderate to very severe COPD patients (GOLD stage 2-4, n=957) and non-COPD controls including both smoker-(n=203) and non-smoker-controls (n=96). The study design of ECLIPSE (clinicaltrials.gov identifier NCT00292552; GSK study code SCO104960) has been fully described previously. 40 In short, ECLIPSE is a non-interventional, observational, multicentre study in patients with COPD (n=2164) and control subjects (n=582). Participants were monitored at specific time points during the study, which ran for three years in total. Inclusion criteria were baseline post-bronchodilator forced expiratory volume in one second (FEV 1 ) values of <80% of predicted, an FEV 1 /FVC (forced vital capacity) ratio of ≤0.7 and ≥10 pack-years of previous smoking history. The controls were divided into a non-smoker and smoker control group defined by less than or more than 10 pack-years of smoking history, respectively, in addition to normal lung function. 40 In our analyses, we used biomarker and other clinically relevant data collected at baseline and year 1, as well as follow-up data on mortality.
Heparin plasma samples were prepared from whole blood collected by venipuncture in vacutainer tubes from fasting participants. Plasma was obtained by centrifuging the samples for 10-15 min at 2000 x g, before storage at −80°C until analyzed.
Competitive enzyme-linked immunosorbent assay (ELISA) format was used to assess protein fragments of VWF release (VWF-N) and ADAMTS13-processing (VWF-A) using neo-epitope specific mouse monoclonal antibodies 28 (Nordic Bioscience A/S, Herlev, Denmark). The term neo-epitope defines a specific amino acid sequence generated by specific proteolytic cleavage. The antibodies are specific for only the proteolytically processed protein form. Briefly, the assays were performed on a 96-well streptavidin plate coated with 100µL of dissolved specific biotinylated synthetic peptide in an optimized coating buffer, incubated for 30 min at 20°C. 20 µL of sample or standard peptide diluted in incubation buffer were applied to the plate followed by 100 µL of antibody solution, incubated overnight (20 hrs) at 4°C with shaking. Subsequently, 100 µL of horseradish peroxidase (HRP) labeled secondary anti-mouse antibody was added and incubated for 1 hr at 20°C. Finally, the plates were incubated with 100 µL of tetramethylbenzidine (TMB) for 15 min at 20°C in the dark. The HRP reaction was stopped by adding 100 µL of stopping solution (1% H 2 SO 4 ). All steps, aside from the TMB to stop-solution, were followed by a plate wash cycle to remove unbound and excess reagents. Plates were read in a SpectraMax M5 (Molecular Devices, CA, USA) at 450nm with 650nm as a reference.
We included analyses of CRP, previously measured in the ECLIPSE study. 41 Prospective analyses were based on follow-up on all-cause mortality (n=30) two years post blood-sampling (to day 1080 from study start).
Statistics
D'Agostino-Pearson testing found biomarker data not to be normally distributed; therefore, the statistical analyses were performed by non-parametric methods. One-way ANOVA and chi-squared test were used to evaluate patient demographics and clinical biomarkers. Mann-Whitney t-test and Kruskal-Wallis testing were applied to compare biomarker levels between groups. ROC curve analysis was utilized to define biomarker cut-offs from Youden Index criterion based on mortality data and survival curves were displayed using Kaplan-Meier plotting. Cox proportional hazard regression analysis was used to estimate hazard ratios (HR) per 1 SD change in biomarker for predicting mortality. HR was adjusted for the following confounders of mortality identified from univariate analysis: age, smoking history, high-sensitivity C-reactive protein (hsCRP), 6 min walking distance (6MWD), dyspnea scale (mMRC) and prior hospitalizations. The software used was GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla California USA) and MedCalc Statistical Software version 14.8.1 (MedCalc Software bvba, Ostend, Belgium). A p-value <0.05 was considered statistically significant. Data presented as median + 95% Confidence interval (CI), unless stated otherwise.
Results
Mean age, BMI and percent of predicted FEV 1 (FEV 1 % predicted) for the COPD subjects were 63.1, 26.8 and 50.4, respectively, thereby being significantly older than the controls and having a lower BMI than the non-smoker controls. There were also significantly higher percentage of men in the COPD group. The FEV 1 % predicted confirmed their highly decreased lung capacity (Table 1) . Notes: Data are shown as median (min-max or %). FEV 1 , Forced expiratory volume in one second (post-bronchodilator); %LAA, percent low attenuation area on chest computed tomography; mMRC, modified medical research council (dyspnea scale); GOLD, Global initiative for chronic Obstructive Lung Disease; NA, not applicable (not measured or less than 5 patients). FEV 1 /%LAA is from year 1, while all other data are from baseline. Statistical analyses performed to determine P-values between groups by *Chi-squared test or † One-way ANOVA analysis.
Plasma VWF-N and VWF-A were significantly elevated in COPD subjects compared to smoker controls (p<0.05) but not compared to non-smoker controls ( Figure 1A ). Both biomarkers proved to be significantly elevated in COPD subjects compared to the combined control groups (VWF-N, VWF-A, p=0.01), data not shown.
We wanted to investigate disease activity of COPD and how this relates to VWF processing, firstly by addressing symptomatic COPD. We divided the COPD subjects into symptomatic and asymptomatic/mild subjects, based on a modified Medical Research Council (mMRC) dyspnea scale cut off of two as previously described in the GOLD guidelines. 42 Both VWF biomarkers were significantly increased in symptomatic (mMRC ≥2) compared to asymptomatic/mild (mMRC ≥2) COPD subjects, with VWF-A being the more statistically significant of the two (VWF-N, p=0.0002; VWF-A, p<0.0001; Figure 1B ).
Next, we sought to investigate if there was a specific VWF-processing profile between different underlying symptoms or subtypes of COPD, such as emphysema and exacerbations. Emphysema was defined as low attenuation area of −950 Hounsfield units of more than 10% (%LAA) on chest computed tomography, 41 while exacerbations were self-reported events within the year prior to the blood sampling used for our biomarker measurements. Twenty-four percent of patients with GOLD stage 2, 32% with stage 3 and 44% in stage 4 were considered frequent exacerbators, having had two or more exacerbations within the year prior to sampling. 20 We observed increased VWF-A and not VWF-N levels in subjects who had experienced exacerbations (VWF-A, p=0.009; VWF-N, p=0.87; Figure 2A ), while for emphysematous subjects, only VWF-N levels were significantly elevated (p<0.0001) while VWF-A levels were unchanged (p=0.09) ( Figure 2B ). Knowing that emphysema and exacerbations are related to decreasing survival rates, we wanted to investigate if VWF processing was associated with risk of mortality. Both VWF biomarkers were significantly increased in subjects that died (n=30) within the follow-up period (VWF-N, p=0.0001; VWF-A, p=0.0056; Figure 3A ). We then wanted to define a cut off for high VWF levels, associated with increased mortality. We dichotomized the VWF biomarkers using ROC curve analysis of mortality data, resulting in a Youden index criterion of 6.7 ng/mL and 9.7 ng/mL for VWF-N and VWF-A, respectively. Using these cutoffs to define high versus low levels of VWF-N and VWF-A, we analyzed survival times using Kaplan-Meier survival curves ( Figure 3B ).
To address this further we investigated if the biomarkers were independently associated with mortality, considering possible confounding factors of mortality using cox proportional hazards regression. We identified age, 6 min walking distance (6 MWD), hsCRP, mMRC, prior hospitalizations and current smoking status as confounders to all-cause mortality ( Table 2) . Adjusting for these covariates we could define an adjusted hazard ratio of 1.214 per 1 SD increase in biomarker levels (95% CI 1.089; 1.352) for VWF-N (p<0.001) and 1.26 per 1 SD for VWF-A (95% CI 0.963; 1.652) (p=0.018) ( Table 3) .
Evaluating the dichotomized biomarker data we could devise the best cox regression models including all confounders. The resulting models (adjusted for significant confounders) indicate that high levels of VWF-N (>6.7 ng/ mL) and VWF-A (>9.7 ng/mL) were independently associated with mortality with an HR of 3.5 (95% CI 1.57; 7.79) and 2.64 (95% CI 1.18; 5.91), respectively (Table 3 ).
Discussion
In this study, we addressed the role of wound healing initiation in COPD pathology, and found that VWF processing is associated with emphysema and exacerbations and has prognostic value for assessing mortality risk. The pathophysiological changes that occur in COPD are not limited to the lungs, and the disease etiology is characterized by an increasing degree of systemic inflammation and endothelial damage, 6, 15, 17 also evident from previous studies finding VWF to be increased in COPD. 8 Since VWF processing is central to the primary response of wound healing, biomarkers measuring the dynamic processing of VWF could potentially aid in characterizing the pathophysiological changes in COPD. The activity of VWF can be investigated by several methods, for example by the use of ristocetin-dependent platelet aggregation, 36 method measures only VWF-processing indirectly and has been reported to be less sensitive at low VWF levels. 19 Here we apply the neo-epitope technology, specifically targeting ADAMTS13-cleavage fragments of activated VWF (VWF-A), together with newly endothelial released VWF (VWF-N). Biomarker levels of VWF-N and VWF-A were increased in subjects with COPD compared to smoker controls. Cigarette smokers with normal lung function also experience pulmonary inflammation, but COPD subjects are even more affected by smoking which gives them an amplified inflammatory response 7 that persists beyond smoking cessation. 17 Surprisingly we did not observe any significant difference between COPD and non-smoker controls, although when combining the two control groups we did observe significantly lower levels of both markers. This could partially be due to the limited amount of very severe COPD participants (Table 1) , although these results could also be influenced by the difference in age, gender and BMI between the groups, as hemostasis potential in general is changed with aging, 16 including VWF. 12 hsCRP data showed a significant difference between COPD and both control groups, indicating an overall increase in inflammatory state in COPD compared to controls. This could mask any potential disease-related change in VWF and therefore, these results indicate that the VWFprocessing biomarkers are not to be considered standalone markers for disease diagnosis. Further studies should seek to elucidate this potential bias.
We speculated that wound healing would be initiated to a higher degree in symptomatic subjects which are known to have a higher risk of exacerbations and mortality. 42 Both biomarkers could discriminate symptomatic from asymptomatic/mild COPD, underlining the increased damage response in symptomatic disease as seen from VWF-N levels, and suggesting ongoing active wound healing reflected in the increased VWF-A levels. This is in line with a previous study showing increased VWF activity in symptomatic subjects, but interestingly no change in total VWF was found in that study. 8 We speculate that this is due to the endothelial release of VWF being a more dynamic process, while total VWF reflect a ratio between synthesis and degradation of VWF, which might not be significantly changed in symptomatic disease. Notably, no change was observed of either VWF biomarker when dividing the cohort into GOLD severity groups. Results similar to these have previously been reported, 8 but could also be due to our cohort consisting of no mild COPD (GOLD stage I) and only a limited number of patients with very severe COPD (GOLD stage IV) ( Table 1) . Further studies should address this in a study representing the full range of COPD severities. Interestingly, we found that only VWF-N reflected the more chronic progressive condition of emphysema, indicating a sustained increase of VWF release into the circulation. Emphysema is a result of chronic inflammatory responses that induce slow progressive epithelial tissue damage 9 which is in agreement with VWF as a proposed marker of endothelial dysfunction. 18 To our knowledge, no previous studies have shown VWF to be associated with emphysema. The VWF-N biomarker specifically reflects newly released VWF since it targets the C-terminal of the VWF pro-peptide, which is only accessible when released from the endothelia and thereby does not measure total circulating VWF, a characteristic of (total) VWF-antigen assays. The dynamic nature of this biomarker is also underlined by studies showing that half-life of the propeptide is significantly shorter than mature VWF (2 vs 12 hrs, respectively), 10 thereby reflecting only recent or ongoing endothelial damage.
VWF-A showed to be associated with the more acute phenotype of exacerbations. This was also highlighted by the fact that VWF-A had a better association with symptomatic disease than VWF-N. Previous studies have found VWF-antigen but not VWF activity, 8 to be increased in exacerbating patients. 34, 35 The VWF-A assay targets a neo-epitope within the A2-domain of VWF, which arises from ADAMTS13-cleavage which is specific for active VWF. 28 This cleavage does not completely render VWF inactive, but rather decreases VWF multimeric size to regulate activity and dampens the coagulation response to limit the risk of thrombosis. 13 As previous exacerbations are the best predictor for future exacerbations 20 the ability to identify patients at risk using biomarkers like VWF-A might help prevent future events. It has been suggested that endothelial cell response is modulated when inflammation changes from acute to chronic, 33 which might be reflected by VWF processing. We propose that chronic inflammation and endothelial damage in emphysema subjects induce a state of continuous VWF synthesis and release from endothelial cells, but with a lower rate of activation, while the acute damage which arises during exacerbations results in an increased activation of VWF.
We suspected that the degenerative nature of endothelial dysfunction and damage in COPD would be reflected in the increased airflow limitation (FEV 1 ). Although we saw significantly decreased FEV 1 levels in COPD (Table 1) this was not associated with poorer outcome in this sub-cohort (Table 2) , which could indicate that airflow limitations might not be a universal tool for clinical assessment. 1 The limited number of GOLD stage I and IV patients in our cohort (Table 1) could possibly limit the association between FEV1 and outcome. Interestingly, increased levels of VWF-N and VWF-A biomarkers were both associated with all-cause mortality and decreased survival time. We have recently compared biomarkers of fibrinogen turnover to fibrinogen measured in the ECLIPSE study. 27 Plasma fibrinogen is currently the only FDA approved prognostic marker for all-cause mortality in COPD. 26 Indeed, fibrinogen was found to be an independent predictor of mortality, comparable to the results obtained for the VWF biomarkers in this paper. We chose to compare the VWF biomarkers to hsCRP as both they all reflect the state of inflammation. Fibrinogen was excluded here although Fibrinogen and VWF are associated with similar processes of wound healing activation and platelet aggregation, since VWF can also independently lead to platelet aggregation and subsequent wound healing activation during high shear stress conditions known in COPD. 5 We have discussed fibrinogen in relation to wound healing in this cohort more thoroughly elsewhere. 27 To address the difference in age between the disease and control groups we included this parameter in our analyses. Interestingly, although age was found to be associated with mortality, both VWF-N and VWF-A were found to be independently associated with increased mortality risk, when adjusting for confounders, including age. This has previously been investigated in systemic inflammatory response syndrome where active VWF was found to correlate with mortality, while total VWF was not. 21 Collectively, these data suggest that lung endothelial damage and initiation of the wound healing cascade in COPD are associated with an increased mortality risk. As COPD pathology manifests with tissue destruction and small airway fibrosis it is not believed that anti-inflammatory treatments will cure the disease, but early intervention might slow down or halt progression entirely. 7 Dynamic biomarkers of VWF processing reflecting emphysema and exacerbation phenotypes might be a supplement to existing biomarkers to help identify patients with high risk of progression that could benefit from anti-inflammatory treatments.
A limitation of our study is the relatively low mortality rate (3%), hence a larger validation cohort is needed in order to properly evaluate the prognostic value and help define potential biomarker cut offs. A longitudinal study setup would also be favoured over a cross-sectional study to correlate progression and outcome with longitudinal biomarker measurements. The effect of age and BMI on VWF levels should also be addressed in future studies when addressing diagnostic potential of the biomarkers, although adjusting for age in our study supports the prognostic potential of the VWF biomarkers.
Conclusion
We demonstrate that differential processing of VWF is associated with different pathophysiological aspects of COPD, as we found that VWF-N reflected the chronic progressive condition of emphysema, while VWF-A was associated with acute exacerbations. These results generally support other studies investigating total VWF, but also propose a novel application for VWF biomarkers measuring dynamic changes in VWF processing as accurate and precise biochemical markers to characterize the heterogeneity of COPD.
